The metabolic and hemodynamic alterations in diabetes activate podocytes to increase extracellular matrix (ECM) production, leading to thickening of the glomerular basement membrane (GBM). We hypothesized that diabetes would activate parietal epithelial cells (PECs) in a similar manner and cause thickening of Bowman's capsules. Periodic acid Schiff staining of human kidney biopsies of 30 patients with diabetic nephropathy (DN) revealed a significantly thicker Bowman's capsule as compared with 20 non-diabetic controls. The average thickness was 4.55±0.21 mm in the group of patients with DN compared with 2.92±0.21 mm in the group of non-diabetic controls (Po0.001). Transmission electron microscopy confirmed this finding. In vitro, short-term exposure of human PECs to hyperglycemic conditions (30 mM glucose) advanced glycation end products (100 mg/ml) or transforming growth factor-b1 (TGF-b1; 5 ng/ml) increased the mRNA expression of collagen type I a-1, collagen type IV (all six a-chains), bamacan, nidogen 1, laminin a-1, and perlecan. Western blot and colorimetric collagen assays confirmed these results for collagen type IV at the protein level. The production and secretion of TGF-b1 as a possible positive feedback loop was excluded as a mechanism for the autocrine activation of human PECs. To validate these findings in vivo, activation of the PECs was assessed by immunohistochemical staining for CD44 of 12 human biopsy cases with DN. Thickening of the Bowman's capsule showed strong association with CD44-positive PECs. In summary, metabolic alterations in diabetes activate PECs to increase the expression and secretion of Bowman's capsule proteins. This process may contribute to the thickening of the Bowman's capsule, similar to the thickening of the GBM that is driven by activated podocytes. These data may also imply that activated PECs contribute to ECM production once they migrate to the glomerular tuft, a process resulting in glomerular scaring, for example, in diabetic glomerulosclerosis.
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Laboratory Investigation (2015) 95, 273-282; doi:10.1038/labinvest.2014.160; published online 22 December 2014 Diabetic nephropathy (DN) is the world's leading cause of end-stage renal disease. 1 Clinically, DN presents in five stages, leading to a decline in the glomerular filtration rate and an incline in albuminuria over a duration of about 25 years. 2 Histomorphologically, DN can be graded in the following four stages: (I) thickening of the glomerular basement membrane (GBM), (II) mesangial expansion, (III) nodular glomerulosclerosis, and (IV) global glomerulosclerosis. 3 The pathophysiological mechanisms that feed into DN are numerous and all start from hyperglycemia. As there is no difference in the histomorphological appearance between type 1 diabetes and type 2 diabetes, insulin is probably not a relevant factor contributing to DN. Hyperglycemia, however, triggers endothelial dysfunction and reactive oxygen species production through activation of protein kinase C as an early event. 4 Endothelial dysfunction involves decreased production of nitrogen monoxide and increased expression of endothelin-1 and vascular endothelial growth factor. 4 Hyperglycemia has direct effects on the production and secretion of extracellular matrix (ECM) proteins by mesangial cells, 5, 6 especially on overexpression of the glucose transporters GLUT 1 and GLUT 4. 6 The role of podocytes in thickening the GBM in DN has been previously studied. 7, 8 Several compounds and pathways have been shown to be important when podocytes thicken the GBM as endothelin-1, transforming growth factor-b (TGF-b), or mTORC1 activation. [9] [10] [11] Recently, the previously neglected parietal epithelial cell (PEC) has attracted more attention in diabetic and non-diabetic glomerulosclerosis for its capacity to contribute to either glomerular regeneration or scaring. [12] [13] [14] Currently, nothing is known about the role of PECs in glomerular ECM production in diabetic glomerulosclerosis, however, PEC activation and occasional hyperplasia seem to occur. 15 We hypothesized that the metabolic alterations in diabetes that activate podocyte-mediated GBM thickening also activate PECs to increase ECM production and that this process leads to thickening of the Bowman's capsule.
MATERIALS AND METHODS

In vitro Studies
Human PECs were isolated from human kidneys of patients who underwent nephrectomy for renal tumors. The cortices of the kidneys were minced and digested with collagenase IV (750 U/ml; Sigma) for 45 min. Using high-gradient magnetic cell sorting with LS columns (Miltenyi), the cell suspension was depleted of leukocytes (anti-CD45 MicroBeads; Miltenyi). To obtain cells positive for CD133 and CD24, the cells were treated with a second magnetic separation for CD133 (CD133 Cell Isolation Kit, containing the anti-CD133/1 mAb, clone AC133, also used for hematopoietic stem cell sorting). Flow cytometric analysis as previously described 16 revealed that the cell suspension positive for CD133 and CD24 was more than 98% pure. 17 The cells were cultured in EGM-MV (Lonza, Walkersville, MD, USA) containing 20% FBS (HyClone Laboratories, South Logan, UT, USA). When 90% confluent, the cells were trypsinized, counted, and 1 Â 10 6 cells/well were seeded in 12-well plates for stimulation in EGM-MV containing 5% FBS. The cells were treated for 2 days with VRAD medium composed of DMEM-F12 (Sigma) supplemented with 100 nM vitamin D3, 100 mM RA (all-trans retinoic acid) (Sigma), and 10% FBS for podocyte differentiation. For stimulation, 30 mM glucose (Braun Melsungen AG, Melsungen, Germany), 5 ng/ml recombinant human TGF-b1 (R&D Systems, Abingdon, UK), and 100 mg/ml advanced glycation end products (AGE; Calbiochem Merck, Darmstadt, Germany) were used for 6, 24, 48, or 72 h. As isosmotic glucose solution for infusion was used to stimulate the cells, no osmotic control was needed. A microtetrazolium assay was used to determine cell viability (Promega, Mannheim, Germany). Protein levels of human TGF-b1 in the cell culture supernatant were measured using a sandwich ELISA kit (R&D Systems). Additional to the Western blot analysis, collagen quantification was conducted with a Sirius Red collagen assay kit (Biocolor, Carrickfergus, UK). All kits were used following manufacturers' protocols.
Histology
The archive of the Institute of Pathology at the LMU Munich was searched for biopsies from patients with a diagnosis of DN that met the following inclusion criteria: time of biopsy between 2003 and 2014, the patient was older than 18 years, native kidney, no systemic disease with renal complications, and type 1 diabetes or type 2 diabetes. Indications for renal biopsy were elevated plasma creatinine levels and glomerular proteinuria in nephrotic range. Patient biopsies with DN were staged using the current pathological classification introduced by Tervaert et al. 3 Biopsy specimens for the non-diabetic control group were collected from renal posttransplantation patients and selected for adequate tissue according to Banff criteria with normal glomeruli. Indication for transplant kidney biopsy was a recent rise in plasma creatinine levels and additionally an onset of tubular proteinuria in 2 patients (10% of the cases). In both groups, histology neither revealed an inflammatory glomerular disease, nor an immune complex-mediated glomerulonephritis. Finally, kidney biopsies of 30 patients (19 males, 11 females; mean age 64 years) with DN after long-term diabetes (45 years) and 20 non-diabetic controls (13 males, 7 females; mean age 39.3 years) were included for morphometric, ultrastructural, and immunohistochemical studies. Out of all 50 selected patient biopsies, 6 randomly selected patients with DN and 6 patients in the non-diabetic control group were selected for transmission electron microscopy (TEM) examination. Independent of the selection for TEM, 12 kidney biopsies from patients with DN who were biopsied between 2007 and 2014 were randomly selected for CD44 assessment. An additional six randomly selected biopsies from the non-diabetic controls biopsied between 2007 and 2014 were stained for CD44. Immunostained biopsies taken before 2007 and cases with insufficient amount of unstained paraffin-embedded tissue left over had to be excluded from the assessment for CD44 staining. The patient records were anonymized according to the recommendations of the ethical committee of LMU Munich.
Morphometry and Immunostaining
A light microscope (Carl Zeiss, Oberkochen, Germany) was used for the morphometric analysis of periodic acid Schiff (PAS)-stained kidney biopsies as described earlier. 18 Measurement of the Bowman's capsule was performed on 30 biopsies from patients with DN and 20 non-diabetic control biopsies. To exclude thickening artifacts caused by measuring tangentially cut glomeruli, only glomeruli with a diameter of 4100 mm were assessed. Under Â 400 magnification measurement, lines were drawn from the outer to the inner margin of the Bowman's capsule in defined distances of 20 mm around the whole glomerulus using the ZEN 2012 imaging software (Carl Zeiss; Figure 1 ). All measurements were performed by two independent and blinded observers and averages of their results are shown.
A subset of 12 patient biopsies was further analyzed by TEM. The tissue was fixed in 6.25% glutaraldehyde and 1% OsO 4 and embedded in epon. Ultrathin sections, stained with uranyl acetate, were observed under a Zeiss Libra 120 TEM (Libra 120, Carl Zeiss). Gaffney et al. 19 considered PECs with 'round or oval hyperchromatic nucleus' to be activated. The physiological size of PECs ranges from 0.1-0.3 mm increasing to 2.0-3.5 mm in the perinuclear area. 20 Therefore, morphological features of activation were defined as PECs with an enlarged (43.5 mm) and hyperchromatic nucleus. We performed the measurements of the Bowman's capsule by drawing lines in distances of 10 mm around the whole glomerulus under Â 1250-1600 original magnification using the image SP viewer (SysProg, Minsk, Belarus; Figure 1 ).
Immunohistochemical staining for CD44 was performed on 3 mm-thick formalin-fixed paraffin-embedded tissue sections. Antigen enhancement and retrieval were done by boiling in ProTaqs VI Antigen Enhancer (quartett Immunodiagnostika, Berlin, Germany) in a microwave for 2 times for 15 min. After washing, sections were blocked with blocking serum from VECTASTAIN Elite ABC-Kit (Universal; Vector Laboratories, Burlingame, CA, USA) and A high confidence algorithm was used to reduce the risk of false-positive crossing points. The melting curve profiles were analyzed for every sample to detect eventual nonspecific products or primer dimers.
Protein Isolation and Western Blot
We extracted protein from renal cells using RIPA buffer (Sigma-Aldrich, St Louis, MO, USA) containing protease inhibitors (Roche, Indianapolis, IN, USA) and processed samples for western blot as described. 21 The membranes were incubated overnight at 41C with rabbit antibody against rat collagen type IV (Novus biologicals, Cambridge, UK 
RESULTS
PEC Activation in DN
As PECs are the producers of Bowman's capsule proteins, the Bowman's capsule thickening in DN could be a result of PEC activation. We used immunohistochemical staining of CD44 for samples from 12 patients with DN and 6 patients in the non-diabetic control group to further confirm the activation of PECs in DN. CD44 is a hyaluronic acid receptor, which is expressed in a large number of human cell types. However, in the glomerular compartment, CD44 is used as an activation marker of PECs and CD44 þ PECs seem to contribute to ECM deposition in the glomerular tuft during focal segmental glomerulosclerosis. 14, 22 In DN, we found increased expression of CD44 on PECs in association with a significantly increased thickness of the underlying Bowman's capsule (Figure 2 ). There was no staining of morphologically inconspicuous PECs, indicating that CD44 is a late expression marker of severely altered glomeruli in DN. In addition to the CD44 staining of the kidney biopsies, TEM was used to investigate ultrastructure of PECs in DN. Although the technical limitations of TEM and small number of PECs with orthogonal sections through the nuclei did not allow a statistical analysis, Figure 2 clearly represents PECs 23 Gene expression analysis for all a-chains of collagen type IV and collagen type I a-1, bamacan, laminin a-1, nidogen 1, and perlecan on at 6 and 24 h, whereas stimulation with TGF-b1 lead to significant upregulations at 6, 24, and 48 h (Figure 3 ). Taken together, human PECs stimulated with AGEs, TGF-b1, and high glucose increase the mRNA expression of all Bowman's capsule components and collagen type I a-1 at different time points. Co-stimulation of PECs with differentiation medium (VRAD) and all three stimuli revealed no alteration in the capacity of PECs to express the podocyte marker nephrin (Figure 4) . We first performed the Sircol soluble collagen assay to validate these results at the protein level. In identical experiments, PECs showed significant production and secretion of collagen into the supernatant after 48 h following stimulation with AGEs, TGF-b1, and high glucose ( Figure 5 ). These changes were not detected after stimulation for only 24 h. Analysis for the production of non-secreted collagen that remained within the cells revealed significantly higher levels at 48 h on stimulation with TGF-b1 and AGEs. There was significant downregulation of collagen production after stimulation with TGF-b1 for 24 h.
Furthermore, we also performed western blot to more specifically examine the production of collagen type IV. Parallel experiments using the same settings at 72 h clearly showed an increase in collagen type IV protein production on stimulation with AGEs and high glucose, and especially with TGF-b1 stimulation. The effects of upregulation of collagen type IV on stimulation were detectable after 24 h and continued to increase to a maximum effect at 72 h ( Figure 5 ). In summary, these results confirmed the findings for mRNA and showed production and secretion of collagen on stimulation after 48 and 72 h.
These in vitro data validate that hyperglycemic conditions, AGEs and TGF-b1 activate PECs to upregulate collagen production and secretion into extracellular compartments, which for PECs implies into the Bowman's capsule as well as into the glomerular filtrate.
Production and Secretion of TGF-b1 by PECs Do PECs produce TGF-b1 and activate themselves via an autocrine pathway? To answer this question, we examined the expression of TGF-b1 following stimulation with AGEs, TGF-b1, and high glucose for 6, 24, and 48 h. On an mRNA level as well as on a protein level (as investigated by ELISA, data not shown), there was no upregulation of TGF-b1. These results exclude a TGF-b1-based autocrine activation loop for PECs and imply that TGFR activation in PECs requires extrinsic sources of TGF-b1 release.
Bowman's Capsule Thickness in Biopsies from Diabetic and Non-Diabetic Patients
We identified 30 patients with DN and 20 non-diabetic control patients being biopsied in the time frame 2003-2014. Staging all biopsies in the pathological classification by Taevert, 3 four patients were graded stage I, seven patients graded stage IIa, eight patients graded stage IIb, eight patients graded stage III, and three patients graded stage IV. In the group of patient biopsies with DN, 9.6 glomeruli within average 30.6 measurements could be assessed as in comparison with the group of non-diabetic controls with 8.1 glomeruli and 32.9 measurements. All patients with DN had a significant thicker Bowman's capsule in comparison with the non-diabetic control patients with a mean thickness of 4.55 ± 0.21 mm. Measurements of the non-diabetic control biopsies revealed a mean thickness of 2.92±0.21 mm. There was no significant difference in the Bowman's capsule thickness among the different stages of DN (Figure 1 ). Thus, DN involves thickening of the Bowman's capsule. To validate these results, a further subset of 12 kidney biopsies for which TEM samples were available were evaluated. Here, in average, 150 measurement lines per glomerulus of the Bowman's capsule were drawn. The measurements revealed a mean Bowman's capsule thickness of 4.2±0.88 mm in the patients with DN versus 2.8±0.48 mm in the nondiabetic control group, thus confirming a thickening of the Bowman's capsule in patients with DN.
Discussion
Our results show that metabolic alterations in diabetes are sufficient to activate an increase in ECM production in PECs leading to a thickening of the Bowman's capsule. We approached the hypothesis by in vitro experiments with human PECs and morphometrical analysis of renal biopsies of patients with DN. One study from Gaffney et al. 19 had shown a 'prominent parietal epithelium' associated with significant thickening of the Bowman's capsule in a subset of five patients with DN. Although there is little known about the changes of the parietal layer of the glomerular capsule in DN, thickening of the visceral layer of the glomerular capsule is already part of the classification of the different stages of DN. 3 Our morphometric analysis of the Bowman's capsule in PAS-stained slides (at an average of almost 10 glomeruli per biopsy) clearly confirmed the findings by Gaffney et al. in 30 patients with different stages of DN and 20 non-diabetic control patients. The TEM results confirmed the thickening of the Bowman's capsule in a subset of 12 patients. There was no correlation between the stages of DN and the thickness of the Bowman's capsule as it could be found in a study correlating the width of the GBM with the degree of albuminuria in patients with T2D. 24 As there is already thickening of the Bowman's capsule in patients with DN stage I, the thickening of the Bowman's capsule in DN seems to represent early changes in DN. This can be explained by an early exposure of the PECs to metabolic changes, as glucose and partly AGEs 25 are freely filtered through the GBMaffecting PECs.
As there is also significant hyperfiltration in patients with DN that could contribute to the thickening of the Bowman's capsule, we used in vitro studies to show the relevance of the metabolic alterations for the thickening of the Bowman's capsule. They revealed increased expression of all a-chains of collagen type IV, of collagen type I a-1, bamacan, laminin a-1, nidogen 1, and perlecan on stimulation with AGEs, TGFb1, or high glucose at different time points (Figure 3) . Nevertheless, there was also a slight downregulation of collagen type IV a-3 and -4 mRNA. These results are in agreement with published literature, where an upregulation of collagen type I a-1 and collagen type IV a-1 and a-3 on stimulation with TGF-b1 was already known. 26 Previous studies using in situ hybridization also had shown increased mRNA levels of TGF-b1 and collagen type IV in PECs in patients with DN. 27 Both collagen and western blot assays showed an increased production and secretion of collagen type IV protein. Again, this was confirmatory to the published increased production of collagen type IV on highglucose treatment in glomerular epithelial cells in vitro 28 and explains the thickening of the Bowman's capsule in patients with DN. Those in vitro data confirm the histological finding of activated PECs, which thicken the Bowman's capsule in patients with DN similar to the thickening of the GBM by activated podocytes. Former studies had shown increased mRNA levels of TGF-b1, 27 wherefore the production of TGFb1 partly was focus of our studies. Here, no upregulated production and secretion of TGF-b1 was detected either at mRNA or at protein level. In our study, exposure of PECs to TGF-b1 increases thickening of the Bowman's capsule and could contribute to glomerulosclerosis, but there is no production of TGF-b1 by PECs themselves under diabetic condition in vitro excluding a possible autocrine feedback mechanism. As limitation to the in vitro studies, a short duration of stimulation (maximum 72 h) was chosen to avoid additional formation of AGEs in the high-glucose treatment group. This, however, is far from the condition of patients suffering from type 1 diabetes or type 2 diabetes for several years until development of DN. Another limitation is the use of human PECs that were isolated for their CD24 and CD133 positivity and represent just a small progenitor subset of all PECs. In embryonic kidney differentiation, these stem cell markers are exhibited on a high number of cells in the early phase (35-50% positivity for CD24 and CD133 of a total kidney cell suspension at gestational age of 8.5-9 weeks). Through maturation, the proportion of CD24 þ CD133 þ decreases until 0.5-3% of a total kidney cell suspension in adult human kidneys. In human embryonic kidneys, CD24 is mainly expressed on structures deriving from the metanephrogenic mesenchyme and in the ureteric bud, whereas CD133 expression is to be found on primary vesicles, comma-shaped bodies, and S-shaped bodies. CD133 expression is restricted to a subset of CD24 þ cells. In adult human glomeruli, CD133 and CD24 are selectively maintained on PECs in proximity to the urinary pole. 16, 29 This subset of PECs was named renal progenitor cells as they showed the capacity to differentiate in vitro into tubular cells, osteogenic cells, adipocytes, and also cells that are in phenotype and function similar to neuronal cells. 16 Most importantly, those renal progenitor cells showed ability to differentiate to podocytes by using DMEM medium containing Vitamin D3 and retinoic acid. 17 The addition of all three stimuli to VRAD medium did not alter the capacity of the CD24 þ CD133 þ cells to express podocyte marker (Figure 4) .
In summary, the metabolic alterations in diabetes activate PECs to increase the expression and secretion of ECM proteins. This process could contribute to the thickening of Bowman's capsule similar to the thickening of the GBM that is driven by activated podocytes. These data may also imply that activated PECs contribute to ECM production once they migrate to the glomerular tuft, a process that could contribute to diabetic glomerulosclerosis.
